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X-Ray Photoelectron Spectroscopy Study of Si-C Film

Growth by Chemical Vapor Deposition of Ethylene on Si(100)

P.A. Taylor, M. Bozack+, W.J. Choyke, and J.T. Yates, Jr.

Abstract

The growth of a thin film of SiC grown by chemical vapor deposition

(CVD) of ethylene on Si(100) at 970 K was studied by X-Ray Photoelectron

Spectroscopy (XPS). The growth of the film was observed through the

behavior of the Si(2p) and C(ls) core levels and their plasmon losses.

A 1.2eV (towards higher binding energy) shift is observed for the Si(2p)

binding energy between silicon in Si(100) and silicon in SiC. The

plasmon loss energies measured as a function of film thickness below the

C(Is) emission indicate that the C/Si ratio of the Si-C film

throughout the CVD process is fairly constant.
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1. Introduction

Silicon carbide is a material with a wide range of uses, ranging

from refractory applications, abrasive compounds, and semiconductor

device material. A recent paper 1 describes some of the properties of

silicon carbide and its potential as a semiconductor material..krowing

large pure single crystals of a-SiC has been a difficulty impeding the

use of SiC by the semiconductor industry. "

A variety of growth schemes have been devised to grow thin films of

SiC. Nishino and co-workers 2 grew up to 34 um thick cubic SiC single

crystal films by chemical vapor deposition (CVD) on Si(100). Miyazawa 3

made attempts to produce 3C-SiC on Si(100) by molecular beam epitaxy,

while Seaward, Barbee, and Tiller 4 experimented with synthesizing SiCx

films with dual source sputter deposition on Si(100). Several common

problems with SiC crystals grown to date involve controlling the desired

polytype, the dislocation density, the impurity concentration, and the

stoichiometry. The nature of the growth of Si-C films on Si(100) by CVD

is the focus of this study.

Earlier work 5 studied the formation of SiC from an ethylene

molecular beam on Si(100) at several temperatures, using XPS, AES, and

ELS. This work found, by observation of the characteristic plasmon

losses, that below 940 K a "Si-C alloy" was formed in which the charac-

teristic plasmon loss at 23eV was not clearly seen. The CVD process at

temperatures of 940 K or greater, or annealing the alloy, produced a

Si-C film yielding the 23eV plahmon loss feature. At temperatures

greater than 940 K a silicon overlayer was observed to form on top of

the growing Si-C film.
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The study presented here involves a careful study of the binding

energy of Si(2p) and C(ls) as the Si-C layer was formed. The binding

energy for silicon in the Si-C film was found to differ from that of

silicon in Si(100). In addition, a study of the plasmon loss features

showed that the SiC stoichiometry during the CVD process was fairly

constant.

2. Experimental

The UHV system used in this study had a base pressure of 1 x 10-10

Torr; however, after repeated dosing of the crystal by C2H4, the

pressure rose to 6 x 10-10 Torr and at this point the system was allowed

to recover to the base pressure. The UHV system was pumped by a 450ts- 1

turbomolecular pump and a titanium sublimation pump (TSP) with a

liquid-N2 cooled jacket. The TSP jacket was kept cold throughout the

CVD process.

The UHV system was equipped for XPS with Al Ka and Mg Ka X-ray

sources, filtered by a thin aluminum foil. The Mg Ka (1253.6eV) source

was used in this study. The photoelectrons were energy analyzed with a

Leybold-Heraeus EA-10 hemispherical analyzer in the AE/E mode. The

spectrometer resolution was calculated to be 0.9eV at 1000eV kinetic

energy. The X-ray source was oriented at 30* to the sample plane, and

the entrance optics of the energy analyzer were oriented 900 to the

sample plane. After the CVD study was completed a silver foil (99.999%)

was used to measure the spectrometer work function. The binding energy

(BE) measured for the Ag(3d5 /2 ) line was 370.6eV giving a spectrometer

work function of 7.7eV; (Ag(3d5/2 ) BE - 367.9eV 6). All reported

energies have been corrected for the spectrometer work function.
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The crystal used was a 1.5mm thick Si(I00) B-doped (p-type) 1OU-cm

crystal with dimensions of lOxlOxl.5mm. Slots (0.4mm wide and 3mm deep)

were cut into three edges of the crystal. The crystal was mounted by

wedging 0.13mm thick tantalum foil (wrapped around 1.0mm diameter

tungsten support wires) into two opposing slots in the crystal, as

reported elsewhere 5. The tungsten wires provided electrical contact

for ohmic heating and thermal contact to a cooling block. The crystal

was cleaned in vacuum with 3keV Ar+ ions from a differentially pumped

dual plasma ion gun with a crystal current of 2uAcm- 2. After sputtering

the crystal was annealed to 1100 K. The sputtering and annealing cycles

left traces of nickel and carbon that could not be removed from the

silicon surface. The XPS intensities indicated that the surface probed

had a composition of 1.8 at.% C and 0.5 at.Z Ni.

During the CVD process the crystal was heated with a thyristor

controlled power supply able to maintain the crystal temperature to

within ±9 K. The temperature was monitored with a 3%Re/W vs 26%Re/W

thermocouple of 0.075mm diameter wedged into the third slot in the

crystal. The thermocouple was calibrated once the crystal was removed

from vacuum by measuring the thermocouple voltage for the phase tran-

sitions of boiling nitrogen (77 K), water-ice (273 K), boiling water

(373 K), boiling glycerol (563 K), melting sodium bromide (1020 K), and

melting sodium chloride (1074 K). From these calibration points the

crystal temperature during the CVD process was estimated to be 970±9 K.

The growth of the silicon carbide film was monitored by

interrupting the ethylene flux at the crystal in intervals, then cooling

the crystal to room temperature and digitally acquiring XPS scans. To

monitor the CVD process, narrow scans of 50eV were taken for Si(2p) and
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C(ls) and 20eV for Ni(2p) and 0(1s). The analyzer scanned 100ms/channel

for silicon and carbon and 20ms/channel for nickel and oxygen. All XPS

spectra involve twenty accumulated scans, each taking. 50meV steps bet-

ween channels. The counts collected in a channel are reported per

second, giving counts s- 1 channel- 1. At no time during the CVD process

was oxygen detected.

The delivery of ethylene to the crystal was accomplished with a

tubular doser. The tubular doser contained an internal conductance

limiting orifice located between the high pressure (1-400Torr) and UHV

section 7. The C2H4 flux from the end of the 1.5mm (inner) diameter

tubular doser, fd was estimated from the pressure drop in the known

volume on the high pressure side of the orifice. The pressure drop was

measured for three pressures in the range of 0.4-400Torr and on this

basis the flux could be calculated at other C2H4 backing pressures. The

primary fluence from the doser used in the CVD process was of the order

of fd - 2.0 x 1016 C2H4 molecules s- 1 at a backing pressure of 154Torr.

The C2H4 fluence arriving at the crystal, fc, was obtained by calcu-

lating the angular distribution of the flux from the tubular doser 8

and the solid angle intercepted by the crystal as described by Campbell

and Valone 9, accounting for the 450 tilt of the crystal on the doser

axis and assuming the crystal to be circular with a 10mm diameter.

These flux calculations also showed a peak C2H4 distribution con-

centrated in the center of the crystal which quickly decreased toward

the edges of the crystal. The fluence arriving at the crystal, fc, was

estimated to be fc - (fd)( 0 .7 ± 0.1). The ethylene exposure to the

crystal was calculated for each C2 4 exposure and added to the previous

ethylene exposures. A Dycor M100M quadrupole mass spectrometer was used
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to monitor the C2H4 doses and the background gases. The ethylene used

for the CVD process was research grade gas (99.95%) from Airco, further

purified by a series of freeze-pump-thaw cycles.

The differentially pumped plasma ion gun had the capability to

deliver a focused beam, diameter = 1mm, of He+ for ion scattering

spectroscopy (ISS). The hemispherical analyzer, in the AE mode, was

used to energy analyze the scattered He+ ions. ISS was performed with

1000eV 3He+ ions with an angle of 123* between the ion gun and the scat-

tered ions collected by the energy analyzer.

3. Results

The scans of the Si(2p) region and the C(is) region from the sput-

tered and annealed silicon surface are shown in Fig. la and lb respec-

tively. The 3He+ ISS from the same clean surface is shown in Fig. 1c.

The ISS shows a Si peak and a low energy loss peak due to multiple

energy losses of 3He+. The limit of detection of surface Ni for 3He+

estimated from the noise level at E/Eo - 0.854 and sensitivity factors 10

was calculated to be approximately 0.4 at.% Ni. XPS measurement of

the NL(2p) feature at a binding energy of 855.6eV indicated a con-

centration of - 0.5 at.% Ni in the volume of Si probed. If the Ni was

concentrated at the surface and not evenly distributed in the volume

probed by XPS, the expected Ni ISS signal would be approximately one

third of the Si signal. Since no Ni was observed, these calculations

suggest that the surface concentration of Ni was negligible and that Ni

played no role in the CVD process.

The elemental sensitivity factor (ESF) method 11 was used to

obtain a quantitative measure of the surface impurities and the carbon
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uptake during the CVD process. To obtain the ratio of carbon (or

nickel) to silicon the ESF method states that

Na = Ia °b b(KE) Tb(KE)

Nb Ib aa Ya(KE) Ta(KE) (1)

where Na corresponds to the number of atoms of type "a%, and Ia is the

area under the XPS line with a linear background subtracted. The pho-

toionization cross-sections, a, were taken from Scofield 12 and

corrected for asymmetry of photoemission from different orbitals 13

and elastic scattering of the photoelectron traveling through matter 14.

The inelastic mean free path of the photoelectron, X(KE), was calculated

according to the work of Penn [15]. The transmission efficiency of the

energy analyzer, T(KE), was taken to be (KE)-1 for the energy analyzer

in the AE/E mode. The values used for a, X(KE), and T(KE) are given in

Table I.

In Fig. 2 the uptake of carbon by the Si(100) crystal at 970 K is

shown as a function of the number of C2H4 molecules arriving at the

crystal. The general shape of the carbon uptake curve is similar to

that previously reported for the CVD process u~ing C2H4 on Si(100) in

this temperature range 5, although a factor of approximately 10 dif-

ference in exposure exists for the break point in this curve (- 2.5 x

1020 C2H4) and in our previous studies in a different apparatus (- 2.5 x

1019 C2H4)"

The carbon to silicon ratio maxima obtained from Fig. 2 indicates

that the silicon carbide formed by CVD at 970 K has a stoichiometry of

SiC0.6. However, the behavior of the plasmon loss feature, discussed

below, indicates a stoichiometry closer to SiC. The discrepancy in

-8-
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stoichlometry may be due to assumptions in the ESF quantitative analysis

or due to the presence of a silicon overlayer 5. On the basis of the

plasmon loss features, the silicon carbide film grown here is taken to

be Si-C (1:1).

As the Si-C layer forms, a new Si(2p) photoelectron feature is

observed 1.2±0.2eV higher in binding energy than the overlapping Si(2p)

features from clean Si(100), as shown in Fig. 3a. This new feature is

assigned to the photoelectron from the Si(2p) level in Si-C. Only one
S

C(Os) photoelectron feature is observrd during the CVD process (Fig.

3b), and this feature grows in intensity with increasing exposure of

C2H4 to the Si(100) crystal. The binding energy of the C(ls) peak

decreases by 0.3eV throughout the CVD process and has an average value

of 285.6-0.2eV over the range of observation. Both the Si(2p) and the

C(ls) binding energies are within the range of previously reported

binding energies (see Table II), with our values for C(ls) and Si(2p)

being on the high side of the mean of all the values reported.

The formation of the Si-C film is also observed by the behavior of

the plasmon loss features, as shown in Fig. 4. In figure 4a, the curve

"a'shows the silicon plasmon loss feature at 17.2eV and the double loss

at 34.5eV observed for Si(100). As the Si-C film is grown, a new

plasmon loss feature is observed at 22.7eV (Fig.4a curves e-h). The

plasmon loss at 22.7eV is attributed to the energy loss experienced by

the Si(2p) photoelectron as it excites a plasmon in SiC 5,16. A

plasmon loss feature at 22.7eV is also observed, associated with the

C(Os) photoelectron feature (Fig. 4b).

3He+ ISS performed throughout the CVD process, after cooling to

298 K, showed only a peak for Si. The Si ISS peak decreased in inten-
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sity as the SIC film grew, as shown in Fig. 5 and 6. In Fig. 6, it may

be seen that the decrease in the ISS signal exhibits a breakpoint at - 2

x 1020 C2H4 molecules incident; this is a very similar behavior to that

observed by XPS, with a breakpoint at - 2.5 x 1020 C2H4 incident.

The only other loss feature was the peak due to multiple He
+

collisions and/or secondaries. At no time during the CVD process was

carbon, nickel, or oxygen observed by 3He+ ISS. The lack of a carbon

loss feature is not surprising considering the low sensitivity to carbon

(sC - 0.29, Ssi - 2.1, SNi - 12.1 as reported for 2keV 3He+)l0 ; in

addition there exists the possibility of shadowing of the carbon by the

larger silicon atoms 17 or the presence of an overlayer of silicon on

the SiC film 5.

4. Discussion

4.1 Nature of the Si-C Film

The binding energies of C(ls) and Si(2p) from SIC and their respec-

tive plasmon loss features show little or no shift AEB < 0.5eV) in peak

maxima during the CVD process (see Fig. 7 and 4). This lack of shift

differs from the monotonic shift observed for the Si(2p) peak and the

plasmon loss features in SillxCx:H amorphous films grown as a function

of varying 'x' 26. The amorphous Sil-xCx films were grown on silicon

by reactive sputtering of polycrystalline silicon and graphite targets

with an Ar-H2 gas mixture. Sil.xCx:H films were made with varying

values of 'x' and studied by XPS 26. A monotonic increase in the

binding energy of the Si(2p) and C(ls) core electrons was observed for

increasing values of 'x' with an range of 2.0eV for Si(2p) and a 1.3eV

-10-
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for C(ls) 19. The plasmon loss features exhibited a monotonic 5.5eV

shift between values of x - 0 ( - 17.2eV) and x - 0.55 (-piwp = 22.7eV) 26.

The small monotonic shifts of ~0.SeV for C(1s)si C (Fig.7) and

- 0.3eV for Si( 2p)Si C binding energy (Fig. 7) in the CVD process studied

here, suggest that the silicon and the carbon stoichiometry in the SiC

film does not vary greatly as the film grows thicker. The plasmons,

however, offer a better measure of change in bulk stoichiometry since

the plasmon energy, -Sp, depends for semiconductors on the density the

valence electrons 27. Therefore, the small monotonic shift of - 1.9eV

observed associated the plasmon loss feature for the C(ls) peak (see

Fig.4b) indicates that only a small change in stoichiometry within the

thin film takes place in CVD-grown Si-C film.

4.2 Efficiency of SiC Production by CVD at 970 K

The efficiency of SiC production by ethylene CVD on Si(100) can be

estimated by using a layer model in which SiC layers grow on the Si(100) 5.

To calculate the efficiency of SiC production, the ratio of carbon

and silicon XPS intensities, I[C(Is)]/I[Si(2p)], are calculated for an

increasing number of SiC layers. The carbon-to-silicon XPS intensity

ratio is given by

I[C(ls)1 = Isic / [1sic + 1si]
I[Si(2p)] c Si Si (2)

where the carbon signal originates from the SiC and the silicon signal

from both the SiC layers and the underlyig Si substrate. The indivi-

-11-
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dual terms in above expression are given by

n-1

SIC SIC =SiC

IC C YC NC exp[-(21) dsiC IXc ] (3)

j=0

Isi a f NSi 7.,=,(2~l dsIc / XSi 1 (4)

J=0

Si Si Si Si
IS " qsi Nsj exp[-kdsj/Sj] exp[-2n dsic/XSi (5)

k

where ASi and a (a - arelative) are given in Table II. The electron V

mean free path of the Si(2p) electron in silicon, excited by the Mg Ka

source is XSi - 26.8A, and NSiC - 1.05 x 1015 C or Si atoms in a 1-cm2

layer of cubic SiC assumed to form on Si(100) 2 of thickness dS C .

Here the thickness of SiC and Si layers were taken to be dSiC - 1.089A

and dsi - 1.357A respectively, calculated from their lattice constants

(Si3 7, SiC 38 ).

From the above model and assuming several efficiencies of SiC pro-

duction, I[C(ls)]/I[Si(2p)] intensity ratios were calculated and com-

pared with experimental intensity ratios as shown in Fig. 8. From Fig.

8 an efficiency of n a 2 x I0- 5 SiC units is obtained for every C2H4

collision with the Si(100) surface at 970 K. A sharp deviation from

model is seen in the experimental data at w 3 x 1020 incident C2H4

molecules on the crystal. This deviation must be due to some mechanism

limiting the SiC growth after a certain SiC thickness is achieved. The

-12-



limiting mechanism may be the diffusion of Si to the surface which would

react with the gas phase C2H4.

This efficiency may be compared to that estimated on the basis of

the attenuation of the Si(2p)SI XPS intensity. Assuming the attenuation

of the SI(2p)Si XPS intensity is solely due to SiC layers on the Si

substrate the final-to-initial silicon intensity,

If[Si(2p)Si]/IO[Si(2p)Si], is given by

Si
If[Si(2p)sil/IO[Si(2p)Sil - exp(-XsiC/X'i ) (6)

Si

where XSiC is the thickness of the SiC film and ASi - 22.2A. Using the

experimental integrated areas, the intensity ratio is

If[Si(2p)Si]/IO[Si(2p)Si] - 0.259 where the final intensity of Si(2p)si

was taken at 2.2 x 1020 C2 4 incident molecules (the breakpoint of ini-

tial constant uptake of carbon). An estimated 14 layers of SiC were

produced with the crystal exposed to 2.2 x 1020 C2H4  molecules.

Accounting for two SiC units/C2H4 , an efficiency of n a 3.3 x 10
- 5 SiC

units are produced per C2 4 collision with the St(100) surface, at 970

K, using this second method to estimate the SiC layer thickness. These

two methods for calculating the efficiency of SiC formation agree well

within this experiment, but differ by a factor of - 10-2 from previously

calculated efficiencies for SiC production from ethylene CVD growth on v-

Si(100) at 940 K 5.

5. Conclusions

These results indicate that the growth of Si-C films by chemical

vapor deposition of ethylene on Si(100) at 970 K occurs in such a

-13-



fashion that the stoichiometry of the Si-C film is fairly constant

throughout the CVD process. The C/Si ratio in the Si-C film was

observed through both the behavior of the Si(2p) and C(ls) core

electron binding energies and the plasmon loss features. The binding

energy of the Si(2p) electrons differ by 1.2eV between silicon in

Si(100) and Si-C, where the silicon in the Si-C film has a higher

binding energy. The calculated initial efficiency of SiC production

from ethylene CVD at temperatures between 940 - 970 K is of the order of

10-4 - 10- 5 SiC units produced for every C2H4 collision with the Si(100)

surface at 970 K. The film growth efficiency is greatly reduced once a

film thickness of 30A is achieved. At this thickness some mechanism,

such as diffusion, limits further Si-C film growth.
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Figure Captions

Figure 1. XPS-ISS spectra of clean Si(100). A,B) XPS of clean Si(100);

C) ISS of clean Si(100).

Figure 2. XPS determination of Carbon uptake by Si(100) during C2H4 CVD

film growth. NCINSi determined by elemental sensitivity fac-

tor (ESP) analysis of XPS data.

Figure 3. Behavior of Si(2p) and C(ls) XPS features during Si-C film

growth at 970 K. A) Si(2p)Si intensity decreases in inten-

sity as the SiC film grows and Si(2p)si intensity increases.

B) C(ls)SiC feature. Curves correspond to 0.0, 0.73, 1.27,

1.67, 2.20, 3.00, and 7.4 x 1020 C2H4 molecules incident on

the crystal.

Figure 4. Development of plasmon loss features observed by XPS during

Si-C film growth on Si(I00) at 970 K. A) plasmon losses -from

Si(2p) XPS line, where liojp(Si) - 17.2eV and 1iup(SiC) -

22.7eV. B) Plasmon losses from C(Is) XPS line. The SiC

plasmon loss energy, limp(SiC), shifts during film grows over

a - 1.9eV range. Curves b-h correspond to 0.73, 1.27, 1.67,

2.20, 3.00, 3.80, and 7.4 x 1020 C2H4 molecules incident on

the crystal.

Figure 5. ISS behavior during Si-C film growth on Si(100) at 970 K.

Throughout the CVD process only the Si loss feature is

observed. Curves correspond to a:0.0, c:1.27, e:2.20, and

h:7.4 x 1020 C2H4.
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Figure 6. Decay of the Si ISS signal during C2H4 CVD Si-C film growth

on Si(100) at 970 K.

Figure 7. Shift in the Si(2p)siC and C(1s)siC binding energies during

C2H4 CVD Si-C film growth on Si(100) at 970 K.

Figure 8. Efficiency of carbon uptake as measured by the C(ls)/Si(2p)

XPS intensity ratios during C2H4 CVD Si-C film growth on

Si(100) at 970 K. Open symbols correspond to model layer

calculations and filled symbols to experimental data. An

initial efficiency of n - 2 x 10- 5 C2H4 molecules react to

form SIC per C2H4 collision. The experimental data deviates

from the model at - 3 x 1020 C2H4 molecules incident on the

crystal.
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XPS Behavior During Film Growth on Si(l 00)
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Iss Behavior During Film Growth on Si(I00)
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